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INTRODUCTION 
Jensen (35) suggested In 1917 that the soluble organic substances In manure 
were capable of Increasing the solubility of some of the inorganic plant nutrients 
in the soil. Since then considerable evidence has accumulated that certain 
cations dissolved in the soil solution are associated with the soluble organic 
fraction of the soil (3, 4, 38, 42, 48, 55). Indirect evidence has been 
presented which indicates that calcium may be associated with soluble soil 
organic matter (3, 4, 38, 42, 48, 55). However, little is known about the 
extent of these complexes or their nature. 
Beckwith (4) states that metal complex formation in soils isof interest in any 
discussion of metal uptake by plants since it affects the chemical activity of the 
metal in the solution . Complexed calcium would also be less apt to take part in 
reactions with other soi I constituents increasing its possibility of remaining in the 
soil solution . This increases its avai labi lity to plant roots and its likelihood of 
being leached out of the soi I root zone . The complexation of calcium would affect 
the chemical activity of the calcium in any reaction that it might participate . 
The purpose of this study was to find several methods of studying calcium 
complexes in solutions. These methods were then applied to the determination of 
calcium complexation in soil solutions and to the study of several soi I factors which 
might inf luence the calcium complexes. Methods were also sought to study the 
character of these complexes. 
2 
LITERATURE REVIEW 
Organic Fraction of the Soil 
The organic fraction of the soil consists of a complex system of substances, 
the dynamics of which is determined by the continuous admission of organic 
residues of plant and animal origin into the soil and their continuous trans¬ 
formation under the action chiefly of biological factors but also to some extent 
of chemical and physical factors. The organic fraction of the soil contains 
components of organic residues undergoing decomposition, metabolic products 
of microorganisms utilizing organic residues as a source of energy, products of 
secondary synthesis in the form of bacterial plasma and strictly humus substances. 
Most of the principle complexing donor groups are present in soil organic 
matter. Amino, imino, keto, hydroxy, thioether, carboxylate and phosphonate 
groups have been found in components which have been separated from soil 
organic matter. Building stones of phenolic polymers such as catechol, proto- 
catechuic acid, resorcinol, vanillin, p-hydroxybenzoic acid, vanillic acid, 
pyrocatechol, phloroglucinol, veratroyl, formic acid, veratic acid, isoheme- 
pinic acid, p-hydroxybenzaldehyde, syrngaldehyde, and dihydroxybenzoic 
acids, some of which contain donor groups, have been identified in degradation 
products of soil organic matter (20,29). The presence of benzyrenes in soil (5) 
and of phthalic acid (29) in degradation products of soil organic matter suggest 
the presence of polynuclear condensation benzenoids. 
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Polysaccharides, such as mannose, rhamose, fructose, arabinose, galactose, 
ribose, glucuronic acid, glucose, xylose and glucosamine, have been identified 
in hydrolyzates of soil organic matter (49). The presence of amino acids in 
hydrolyzates (7, 76, 77) of soil organic matter indicates the proteinaceous 
nature of soil organic matter. A number of lower molecular weight compounds 
which are also known to complex metals, such as aliphatic acids, have been 
isolated from soiIs. 
Complexing compounds such as free amino acids (57), phytic acid (1, 6), 
adenosine phosphates (2), aliphatic acids (66), keto acids (77), and chlorophyll 
(27), have been separated from soil organic matter. These compounds may 
have been derived from plant residues, rhizosphere activity, or microbial 
metabolism. Many of the compounds found in the soil organic matter probably 
have a transitory existence but are still important in metal complexation 
reactions. 
Felbeck (24) reports the following chemical characteristics of soil organic 
matter: elemental composition 45-65%C, 30-48%O, 2-6%N, 5%H. The 
acidity is due to oxygen containing groups, most probably COOH and OH, 
showing a phenol-like acidity function. The equivalent weight varies upward 
from 100 in the lower molecular weight fractions. Schnitzer and Desjardins (67) 
report that the soil organic matter molecular weight varies from 400-53,000. 
Th ere are similarities between the yellow materials of the soil extracts 
and those isolated from lake water since the lake material is thought to 
originate as a result of decomposition in the soil. Shapiro's (75) chemical 
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tests of this yellow organic material indicated a phenolic or enolic character 
with probable unsaturation. Elemental analysis showed 1.4% ash, 54.6%C, 
5.6%H, 39.1%0, 1.2%N, no halogens or sulfur and resulted in an empirical 
formula of (^QH^C^yN^. The nitrogen was believed to be an impurity, 
resulting in an empirical formula of ^ ^ on the basis of the determined 
mean molecular weight of 456. The mean equivalent weight of the mixture was 
228. Infra-red spectroscopy of various derivatives indicated a mixture of 
hydroxy carboxylic acids and admitted the possibility of unsaturation and 
aromaticity, although the indications are that if aromaticity exists it is 
relatively inconsequential. The materials were very resistant to chemical 
oxidation and were reasonably stable to biological decomposition over a 
period of 4 l/2 months. 
Evidence for Organic Matter - Metal Complexes 
Insoluble, natural soil organic matter - metal complexes. Many investigators 
have suggested that soil organic matter is capable of complexing metals (4, 9, 
10, 11, 30, 35, 51, 55). Soil organic matter can form complexes with metals 
by ion-exchange, surface adsorption, chelation and complex coagulation and 
peptization reaction. Mortensen (51) reports that evidence for complexation of 
metals by soil has been based upon the inability of cations such as barium, 
potassium, etc., to replace all the copper, zinc or other metals which have 
been adsorbed by the soil. Organic matter has been implicated since this 
phenomenon has been correlated with the organic matter content of many soils. 
Himes (30) reported evidence of the importance of the soil organic matter 
complexation by comparing the release of silver from soil with organic matter 
to that from soil without organic matter. The release of silver from the soil 
without organic matter was complete within 30 minutes but release was not 
complete within a week when organic matter was present. 
Organic separates from the soil - Humic and Fulvic acid preparations. Khanna 
and Stevenson (38) found evidence for the formation of stable metal complexes 
from the lowering of the titration curves of soil organic matter isolates when 
transition metal ions were added. Their results indicated that the metals were 
bound primarily by acidic groups, probably carboxyls. Calder (12) found that 
the additions of small amounts of CUSO4 to a suspension of acid washed organic 
matter resulted in the release of two hydrogen ions for each added copper ion 
indicating that complexation was taking place. 
Absorption spectrophotometry has been used to study possible soil organic 
matter-metal complexes. Broadbent and Ott (9) reported evidence for the 
complexation of copper by fulvic acid as the result of differences in the spectra 
and optical density at 360 mp and 650 mp. De Mumbrum and Jackson (18) 
reported that copper and zinc saturation of peat fractions caused shifts in 
infra-red absorption bonds and interpreted their data as proof of complexation. 
Infra-red spectra of Schnitzer et al. (68), Mortensen (51), and Himes (30), 
show that metals affect vibrations of carboxyl groups in organic matter 
preparations indicative of carboxyl salt formation. 
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Soil solution extracts. Hodgson et al. (33) studied the cornplexation of zinc, 
cobalt and copper in soil solutions which were displaced from soil columns with 
chloride or bromide solutions. Hodgson et al. (33) report that cobalt was 
complexed to only a very limited degree in the soil solutions, zinc was complexed 
slightly more but copper was complexed very strongly, over 99% of the copper 
was associated with soil solution liquids. In all cases, metal complexing was 
greater in the soil solutions from surface horizons which contained the moist 
soluble soil organic matter. Hodgson et al. (33) found that the complexing of 
copper and zinc was related to the soluble organic fraction and not the total 
organic matter content of the soil. Soluble organic matter had no relationship 
to the total organic matter in the soil. 
Tobia and Hanna (82) passed displaced soil solution through an ion-exchange 
column and found that a portion of the copper was not sorbed by the resin. 
Passing this portion through a second column did not noticeably alter the amount 
of copper in the effluent. Except where large amounts of manure were added, 
this highly stable complex of copper constituted about 20% of the total copper 
in the soil solution. 
Evidence for Calcium Organic Matter Complexes 
Ions which exhibit a strong complexing tendency such as the transition 
metals are retained in larger amounts than those which do not have this property 
to a marked degree. Thus, Broadbent (10) found that copper was retained in 
larger amounts than calcium but concluded that calcium is found in large 
quantities in the soil so is available for cornplexation by organic matter. 
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Broadbent (10) saturated soil with calcium and then eluted with different 
strengths of acids (l/lOO, 1/20, l/lO, 1 N HCI). The elution curves obtained 
with calcium have the same large initial peak eluted by 0.01 N HCI as obtained 
with copper and this is probably due to retention by carboxyl groups, since this 
grouping has been shown to account for a large part of the cation retention 
property of the soil organic fraction. This view is further supported by the data 
obtained by using a synthetic cation exchange resin of the carboxyl type. One 
additional peak was observed when the soil was eluted with 0.05 N HCI acid. 
That no additional calcium was removed by 0. 1 or IN HCI acid suggests that 
perhaps only two types of groupings function in calcium retention. 
Hosier (28) found that a small but significant amount of calcium was 
retained by an organic soil against successive extractions v/ith NH^Cl under 
conditions which would have been expected to remove all exchangeable 
calcium. The superiority of calcium and magnesium over sodium and ammonium 
in displacing manganese from organic soils suggests the possible ability of the 
alkaline earths to form complexes with organic soil constituents. The closeness 
of the pH values found following additions of calcium and manganese, 
respectively, indicates that the complexes of these metals with organic matter 
differ only in degree. Hosier (28) also found that the addition of 20 ml of 
0.1 N KCI before the smallest addition of the other metals, including calcium, 
failed to prevent this pH effect suggesting that some of the calcium is complexed 
with organic matter in the soil. He concludes that the presence of Ca in large 
amounts compared with other metals could allow calcium to compete successfully 
for the organic matter. 
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Nightingale and Smith (55) obtained evidence of soluble calcium complexes 
in sodic soil from their observations that sodic soils often contain considerable 
quantities of organic matter in their water extracts. They concluded from 
radioisotope equilibria and organic fractionation that 97-99% of the calcium 
extracted as "water-soluble calcium" was actually associated with the dispersed 
organic material as metallo-organic complexes. 
Moreno et al. (48) found evidence for the complexation of calcium by soil 
organic matter at pH values above 6 in their study of the reactions of dicalcium 
phosphate in soils with the following data: (a) higher calcium to phosphorus 
ratios than those found at comparable pH values in the Ca0-P20^-H20 system; 
(b) highly colored soil extracts; (c) an apparent supersaturation of the dicalcium 
phosphate. 
Evidence for Calcium Ion-Pair Formation 
Doner and Pratt (19) report that in certain environments where the CaC03 
form is calcite, the apparent solubility product of the carbonate may be greater 
than its actual solubility product because of ion-pair formations or complex 
-2 -2 
ion formations with such ions as SO4 , CO3 or HCO3 . Nakayama (53, 54) 
reported that in the saturated CaSO^ system, 76% of the total calcium in 
solution was Ca+^ and the remaining 24% was in the form of the ion-pair CaSO^. 
-2 . 
Doner and Pratt (19) observed that the introduction of SO4 into a saturated 
CaC03 system increased the amount of calcium in solution presumably due to 
ion-pair formation. 
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Nakayama (54) reports that in a saturated CaCC>3 solution under partial 
pressure conditions resembling that of atmospheric CO2 of 350 ppm - CO2, 
•4-9 
the CaT/' form makes up about 80% of the total calcium in solution; the 
remaining 20% is made up of the CaCO^ and CaHCO^ species, with the 
CaCO^ predominating over the CaHCO^. 
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Methods of Determining Calcium Complexes 
There are various means available for estimating the amount of calcium 
complexing by soil organic matter; however, most lack the sensitivity required 
to examine all but the most abundant heavy metal complexes in soil solutions. 
The methods that have been used to estimate the complexation of metals by 
soil organic matter are: ion-exchange, liquid-liquid partition, ion specific 
electrode and gel permeation chromatography. 
Hodgson et al. (32) decided that the liquid-liquid partition method of 
estimating complexation was the most useful since the inherent suppositions 
in its use could be more readily evaluated. Basically, the liquid-liquid 
partition method depends upon the selection of a complexing agent that forms 
a complex with a desired metal that is soluble in an organic solvent. It is 
necessary that the unknown ligands in the system to be studied do not form 
complexes that also pass into the organic phase to any great extent. When 
the selected complexing agent is added to the system to be studied it competes 
with the unknown ligands for any metals with which it forms complexes. The 
degree of competition can be determined from the fraction of metal passing 
into the organic phase as the complex of the added ligand. Hodgson etal. (32) 
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list the following basic suppositions in the liquid-liquid partition technique: 
(a) the soil solution, when removed from its native environment by displacement, 
gives a good representation of the complexing under natural conditions; 
(b) adsorption of micronutrient cations onto particulate matter is not a factor; 
(c) the activity of the added complexing agent is unaffected by the soil solution; 
(d) the formation of mixed complexes, in which both added and native complexes 
attach to the same metal ion, does not contribute to the extraction of the metal; 
(e) changes in cation concentration in the soil solution by reaction with the 
added complexing agent do not measurably alter the degree of complexing in 
the soil solution; (f) dissolution of the organic solvent in the aqueous phase 
does not alter the natural distribution of the metal between complexed and 
uncomplexed forms; (g) dilution of the soil solution during the assay does not 
change results appreciably. 
Several investigators (8, 40, 65, 78) have used the principle of cation 
exchange resin equilibrium to establish the presence and character of complexes 
formed between heavy metals and the organic materials in the soil extracts. 
The ion-exchange method is based on the fact that the quantity of metal bound 
to a known v/eight of resin at equilibrium is proportional to the concentration 
of free ions in solution. This principle means that MR, the quantity of a cation 
bound to a definite amount of a cation exchange resin at equilibrium, is 
proportional tc (M): MR/(M) = "X , where (M) is the molar concentration of 
metal ion and is the distribution constant for exchange in the absence of 
complexing material. In the presence of the complexing material, the total 
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concentration of metal cations in solution is given by (M) + (MChx), where 
(MChx) is the concentration of the complexed metal in moles per liter. The 
distribution constant in the presence of a chelating agent is then: 
^ = MR/[(M) + (MChx)]. This means that the fraction of cation complexed 
by the soil organic matter can be estimated by the fraction /A0. 
The above relationships apply only to soluble complexes which are not bound 
by the cation exchange resin. The concentration in solution of the cation 
adsorbed should be very small compared to that of the complexing agent. 
Temperature, volume and ionic strength must be held constant. 
The calcium selective electrode is potentially a convenient way to determine 
the quantity of calcium complexed by the soluble soil organic matter, since it 
should determine only the amount of active or free calcium in solution. 
El-Swaify and Godzor (21) report that the usefulness of the specific ion electrode 
for potentiometric analysis involving soil solutions and extracts is determined by 
its ability to measure selectively the specific ion activity in the presence of 
many other ions and to exhibit Nernstian responses to changes of ionic activities 
in those media within the ranges of interest in soil research. The first requirement 
is essential because of the many sources of interference possible in a soil extract. 
The second requirement is important because the maximum theoretical responses 
are small, particularly for higher valency ions. Thus, large errors in measured 
soluble or exchangeable cation activities may result if electrode responses are 
too small to allow sufficient precision of estimate. 
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Thompson and Ross (79) used the calcium specific electrode to measure 
the percentage of calcium ionized in sea water. They found the electrode 
to be highly selective for calcium ions if it is calibrated in solutions similar 
to the unknown solution. Thompson and Ross (79) found unpredictable 
variations in the standard calcium potential which they concluded might 
be explained by the changes in the liquid-junction potential of the reference 
electrode. Ross (60) obtained a linear response with the calcium specific 
electrode as is predicted from the equation: 
E „ = E° + 3RT/2F log Y (Ca) 
cell Ca Ca 
Below 10 4M calc ium, the potential deviates in a positive sense becoming 
independent of concentration below 10"6 M calcium which is the limit set 
by the solubility of the organic calcium salt of the electrode in water. 
Above 1 M considerable scatter occurs in the data resulting from unknown 
reasons. Ross (60) also found that the nature of the anion present in the sample 
solution has no effect on electrode response other than to lower the calcium 
ion activity through complexation or ion-pair formation. Exceptions may be 
expected for those anions which form calcium salts with high solubilities in 
the low dielectric constant organic solvent of the calcium specific electrode. 
El-Swaify and Godzor (21) studied the calcium specific electrode in 
buffered and unbuffered systems. In unbuffered systems, the response data 
for the calcium electrode was the predicted millivolts per decade change of 
activity except for the 10“4M calcium solution. The use of calcium electrode 
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in buffered systems showed a lower electrode response than those observed for 
unbuffered solutions. Sodium acetate appeared to provide less deviation 
from Nernstian response than ammonium acetate at comparable ionic strengths. 
In both extractants the higher ionic strengths appear unsuitable for calcium 
ion activity measurements. Deviations from theoretical responses in buffered 
systems can be attributed either to ionic interferences or to the association of 
measured cations with acetate ions. 
Gel permeation chromatography has been used to separate metal-organic 
matter complexes from soi.l extracts (16, 17, 26, 51). Gel permeation chromatography 
is a relatively new technique whereby molecular aggregates are separated in 
accordance v/ith their molecular size. The general theory of operation states 
that as the sample molecular-aggregate solution is passed through the column 
by the eluting solvent, the smaller molecules will find a greater number of 
pores into which they can permeate whereas the larger molecules tend to slip 
over the smaller pores. This process allows the larger molecules to elute faster 
than the smaller molecules, v/hich are retained due to the greater degree of 
permeation and therefore a concentration gradient is established as a function 
of molecular size. 
Saunders and Pecsok (63) chromatographed a large number of strong 
electrolytes by elution with pure water on a tightly cross-linked polyacrylamide 
gel. They found that elution volumes varied markedly v/ith both anion and 
cation. Particularly interesting were the results for salts containing copper, 
nickel, and/or sulfate ions. These ions usually exist as complexes, and at 
concentrations extant at the solution peak maxima, there may be as much as 
20% association. Saunders and Pecsok (63) were able to separate these 
complexes using the gel permeation chromatography method. 
De Datta et al. (16, 17) used gel permeation chromatography to separate 
polysaccharide components in the soil solution. Several organic matter 
components were separated; two of them, together with a color peak, were 
associated with strontium 90. De Datta et al. (16, 17) concluded that soil 
organic constituents capable of complexing strontium 90-yttrium 90 can be 
fractionated and characterized with proper purification and separation 
techniques, possibly using gel permeation chromatography. Mortensen and 
Marcusiu (52) were able to use gel permeation chromatography to separate 
soil extracts into several organic matter containing components and to show 
that strontium 90-yttrium 90 was complexed or held on exchange sites by 
high molecular weight polymers. Presence of radioactivity in the components 
was correlated with the presence of polyuronides. 
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MATERIALS AND METHODS 
Soil Extract Preparation 
In order to obtain a soi I extract as representative of the natural soil solution 
as possible, a 500g sample of air dried soil was placed into a specially 
constructed plexiglass column. The column was 11 cm in diameter and with a 
perforated plexiglass plate at the bottom. A small amount of glass wool was 
placed in the bottom of the column and then the soil was added while using 
a glass rod to thoroughly pack the column. Distilled water was then added to 
bring the soils to field capacity. Each column was covered with a polyethylene 
sheet to prevent evaporation and then allowed to equilibrate for five days. 
The soil solution was displaced following Jackson's procedure (37) after this 
equilibration period by eluting the soil with a five percent potassium 
thiocyanate (KCNS) solution. The process was stopped when the thiocyanate 
ion could be detected in the displaced soil solution with FeC^. The soil 
extracts were then centrifuged at 13,000 X g for 30 minutes to remove any 
particulate matter and enough 1 N KCl added to make the soil extracts 
0.2NKCI in an attempt to maintain a constant ionic strength throughout 
later experiments. 
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Soil solution extracts were obtained from untreated soils and from soil 
samples with CaCC>3 added to the dry soil in an amount equal to the soil lime 
requirement as determined by the Woodruff buffer technique (3). Soil solutions 
were also obtained from soils treated in equal equivalent weights of Ca(H2PO^)2 
These soil extracts v/ere treated in the same matter as the untreated soil extracts 
in each experiment. 
Analysis of the Soil Extracts 
The soil extracts were analyzed to measure the concentrations of Ca+^, 
Mg+^, Na+, K+, Cl", NO3, SO^, PO^, organic matter and pH. The 
total calcium concentration was measured for use in determining the amount 
of calcium complexed in the soil extracts. The organic matter was determined 
to assess any possible relationship between the concentration of soluble organic 
matter and the complexation of calcium. The other ions v/ere determined in 
order to obtain information concerning ion-pair formation and the ionic 
strength of the soil extract. 
A Perkin-Elmer atomic absorption spectrophotometer (model 214) was used 
to analyze the soil extracts for calcium and magnesium. Enough LaClg 
solution v/as added to the soi I extracts containing 0.2 N KCl to obtain a final 
lanthanum concentration of 10,000 ppm when the soil extract v/as diluted to 
the proper concentration for the calcium or the magnesium determination with 
the spectrophotometer. The lanthanum is added in order to reduce any possible 
errors in the spectrophotometer readings resulting from the formation of calcium 
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compounds that fail to dissociate in the flame such as calcium phosphates. The 
concentration of calcium or magnesium in the soil extracts was determined from 
standard curves made from solutions of known calcium or magnesium concentra¬ 
tions. 
The pH of the soil extract containing the 0.2 N KCl was determined with a 
Beckman research pH meter. The procedure was to place approximately 5 ml of 
the soil extract into a 50 ml beaker, immerse the Beckman glass and reference 
electrode into the soil extract and read the pH directly from the pH meter. 
The pH meter was standardized daily with Beckman's standard buffer solutions 
of pH 4 and 7. 
The concentration of sodium and potassium in the soil extract before the 
addition of KCl was determined with the Perkin-Elmer flame photometer. 
The flame photometer was standardized with sodium and potassium solutions 
of known concentrations. The sodium and potassium concentrations in the soil 
extracts were determined directly from the flame photometer assuming a linear 
relationship between concentration and the flame photometer's response. 
The sulfate concentration of the soil extracts was determined following the 
procedure in Standard Methods for the Examination of Water, Sewage and 
Industrial Wastes (22). Fifty ml of the soil extract was pipeted into a 250 ml 
Erlenmeyer flask and 10 ml of an acid-salt solution containing 240g NaCl and 
20 ml concentrated HCl per liter was mixed into the solution. One 0.4 ml 
spoonful of BaCl2 * 2 H2O crystals was added to the solution and the mixture 
was immediately stirred with a magnetic stirrer for exactly one minute. The 
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mixture was allowed to stand for four minutes and then transferred to a 
colorimeter cell. The turbidity was read at 420 mjj with an Evelyn photo¬ 
electric colorimeter. The concentration of the sulfate in each soil extract 
was read from a standard curve prepared from solutions of known sulfate 
concentrations. 
The chloride concentration of the soil extract was determined before the 
KCI addition by the Mohr method (22). An aliquot of the soil extract was 
diluted to 100 ml and 10 ml of a Na2B^Oy * 10 H2O buffer was added to 
insure that the pH of the solution was approximately eight. One ml of a 
5% K2OO4 solution was added to the diluted soil extract as an indicator 
and this solution was titrated with a 0.0282 N AgNOg solution until a color 
change from pure yellow to pinkish-yellow was perceptible. 
The nitrate concentration in the soil extract was determined before the 
KCI addition by using the Orion nitrate specific electrode and the Beckman 
research pH meter. Approximately 5 ml of the soil extract was placed in a 
% 
50 ml beaker and the nitrate electrode and single-junction reference 
electrode were immersed into the soil extract. After a short equilibration 
time, the resulting potential was read from the millivolt scale of the pH meter. 
The nitrate concentrations were determined from a standard curve prepared 
using solutions of known nitrate concentrations. 
The phosphate concentration in the soil extract was determined using the 
method of Watanabe and Olsen (79). An aliquot of the soil extract was 
pipeted into a 25 ml volumetric flask and the volume adjusted to about 20 ml 
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with distilled water. Four ml of an ammonium molybdate-ascorbic acid 
solution was added and the solution made up to 25 ml volume with distilled 
water. The solution was then mixed and the resulting blue color allowed to 
develop for at least 10 minutes. The solution was transferred to a co lorimeter 
tube and the % transmission was measured with an Evelyn colorimeter at 
660 mp. The amount of phosphorus in the soil was obtained from a standard 
curve prepared from solutions of known phosphorus concentrations. 
The organic matter in the soil extract was determined by the chromic acid 
based on the spontaneous heating by dilution of concentrated F^SO^ (22). 
The procedure followed was to slowly evaporate 20 ml of the extract to dryness 
in 250 ml beaker and then add exactly 10 ml of 1 N KyCryOy to oxidize the 
organic matter. Twenty ml of concentrated HySO^ was added and mixed 
gently to insure complete contact of the reagent with the soil extract residue. 
The solution was transferred to a 250 ml Erlenmeyer flask with 200 ml water. 
Ten ml concentrated H3PO4 and four drops of Ferroin indicator [0.025 M 
solution of 1, 10 (Ortho) - Phenanthroline Ferrous Sulfate] was added and 
the solution titrated to the end point with 0.5 N FeSO^. A blank was run in 
exactly the same procedure as the soil extracts and the organic matter in the 
soil extracts was determined by subtracting the milliequivalents of Fe+^ 
required to reduce the remaining K2^r2^7 'n so'^ ex^racts from that 
required to reduce the I^CryOy remaining in the blank. The amount of 
organic matter in the soil extracts is reported as milliequivalents of KyC^Oy 
per ml soil solution. 
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Determination of Calcium Complexed by the Ion Exchange Method 
The hydrogen form of Amberlite IR— 120 (sulfonic acid type) was first 
saturated with potassium by continually mixing a KCl solution with the resin 
and then filtering the mixture to remove the exchanged hydrogen. This 
process was carried out until the pH of the filtrate increased to that of the 
added KCl solution and then the excess chloride was removed by washing 
the resin with distilled water until chloride was not perceptible by the 
AgNOg test. 
The dried potassium saturated resin was used to determine the distribution 
constant for CaC^ solutions and this constant compared to the distribution 
constant for calcium when the soil extract was added to the resin. To obtain 
a standard distribution constant, a series of solutions of known calcium 
concentrations containing 0.2 N KCl was added to 0.2g of the resin. The 
mixture v/as then placed on an automatic shaker for 5 hours. After this 
equilibration period, aliquots of the solution were pipeted from the mixture 
and analyzed for calcium with the atomic absorption spectrophotometer. The 
same procedure was followed with the soil extracts containing 0.2 N KCl to 
obtain their distribution constants from the relationship: 
o = V/ (lOO-^o) g >\ =V/(100-C^ g 
^\Q = distribution constant for calcium in the CaC^ solution 
^ = distribution constant for calcium in the soil extract 
= % of added calcium from the CaCl2 solution bound to the resin 
^ = % of added calcium from the soil extract bound to the resin 
(100-«*o) = % of added calcium from the CaCl2 solution remaining in solution 
(100- ©<.) = % of added calcium from the soil extract remaining in solution 
v = volume of solution, added to the resin 
g = weight of resin used 
The amount of calcium complexed by the soil organic matter was 
determined from the relationship: 
% total calcium complexed = 7\0“ X 100 
Determination of Calcium Complexed by the Solvent Extraction Method 
In this procedure, 2-ethyIhexanoic acid was used to complex the calcium 
ion in the aqueous solution and this complex was then extracted into an organic 
phase of isobutanol. Seven ml of 3 X 10”^ N 2-ethy Ihexanoic acid was added 
to 20 ml of a standard calcium solution containing 0.2 N KCl or a soil extract 
containing 0.2 N KCl in a 50 ml test tube. Fifteen ml of isobutanol was 
pipeted onto this solution and then the stoppered test tubes were placed on an 
automatic shaker for l/2 hour. 
After this mixing period, the test tubes were centrifuged at a slow speed to 
separate the organic phase from the aqueous phase. Ten ml of this organic 
phase was evaporated slowly to dryness, redissolved in 15 ml of 0. 1 N HCl, 
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made up to 50 ml volume with distilled water and the amount of calcium 
present determined with the atomic absorption spectrophotometer. One ml 
of the aqueous phase was slowly evaporated to dryness, redissolved in 15 ml 
of 0.1 N HCI, made up to 50 ml water with distilled water and the amount of 
calcium present determined with the atomic absorption spectrophotometer. 
The amount of calcium complexed was estimated from the distribution of 
calcium between the two phases when the standard calcium solutions were 
used and when the soil extracts were used. The relationships used are: 
% Calcium complexed = (x-y)/x X 100 
x = calcium distribution with the calcium standard solution 
y = calcium distribution with the soil extracts 
Determination of Calcium Complexed by the Calcium Specific Electrode 
The Orion calcium specific electrode (model 92-20) was used to obtain a 
standard curve of calcium concentration versus millivolt response from solutions 
of known calcium concentrations. The standard curve was then adjusted for 
the ionic strength of each calcium solution to obtain a calcium activity versus 
millivolt response curve. The following relationships were used: 
ionic strength = p=l/2j£CjZ;2 
C = molar concentration of the ion 
Z electronic charge of the ion 
23 
log 7 = (0.511 Z2YP)/0 + 0.329 d7p) 
Ca 
Ca 
Z 
- activity coefficient of the calcium ion 
= electronic charge of the calcium ion 
jj = ionic strength of the solution 
a = "effective size" of the hydrated ion = 6 
^Ca “ ^Ca ^Ca 
A^a = activity of calcium in solution 
= activity coefficient of calcium ion 
C^Q = concentration of calcium ion 
The active calcium in each soil extract was obtained by placing 5 ml 
of the solution in a 50 ml beaker, immersing the calcium specific electrode 
and single junction reference electrode into the solution, reading the 
millivolt response on the Beckman research pH meter and estimating the 
active calcium in the soil extracts from the standard curve. The ionic strength 
of each soil extract was determined using the concentration of potassium, sodium, 
calcium, magnesium, chloride, nitrate, sulfate and phosphate in each solution. 
The fraction complexed is obtained from: 
CaT = Ca; + Ca X + CaSO 
>T 
T ^ui ' ^u/x ‘ 
Cot = total molar of calcium in solution 
Caj = molar concentration of ionic calcium 
Ca X = molar concentration of calcium-organic matter complex 
CaSO^ = molar concentration of CaSO^j ion-pairs 
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Co j = ^Ca 
^Ca 
molar concentration of active calcium 
activity coefficient of calcium determined using the 
particular ionic strength of each soil extract 
Then: 
CaT = ACa + CaX + CC1SO4 
^Ca 
and fraction complexed = X + CqSC>4 = ] - ^Ca 
CaT YCaCaT 
Gel Permeation Chromatography 
The Bio-Rad Bio-Gel P-2 porous polyacrylamide gel with an exclusion limit 
of 1,800 was hydrated by pouring the dry beads slowly into distilled water and 
allowing the mixture to set overnight. The hydrated gel was poured into a 
vacuum flask to remove any entrapped air. A column 0.6 cm in diameter and 
113 cm high v/as packed with the Bio-Gel P-2 by pouring the gel suspension into 
the column while allowing the excess v/ater to drain out the bottom. The column 
was then raised by eluting it v/ith distilled v/ater. 
The calcium in the soil extract was fractionated by adding a 200 pi sample 
of the soil solution to the top of the column bed, washing it carefully into the 
bed v/ith distilled water. The calcium was eluted v/ith distilled water through 
the bed at a constant rate 0.62 ml/min by placing the water reservoir under a 
2 
constant nitrogen pressure of 2 Ibs/in . The elutant was fractionated in 0.5 ml 
fractions into test tubes using a Gilson fractionator. The calcium concentrations 
in the fractions v/ere measured using the atomic absorption spectrophotometer. 
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♦ 
RESULTS 
The solvent extraction experiments were carried out using 2-ethyIhexanoic 
acid as the added complexing agent. To aid in understanding the results of 
these extractions, the properties of 2-ethy Ihexanoic acid were determined. 
The acid dissociation constant pKa was first determined by titrating the 
2-ethylhexanoic acid with NaOEl. The pKa of 2-ethy Ihexanoic acid, as 
presented in Figure 1, is 4.5 indicating that 2-ethylhexanoic acid is a weak 
acid of approximately the same strength as acetic acid, pKa =4.75. 
The stability constant of the 2-ethylhexanoic acid-calcium complex was 
determined by solvent extraction assuming that all of the calcium complexed 
by the added 2-ethylhexanoic acid was extracted into the isobutanol organic 
phase. The stability constant was determined from the relationship: 
Stability Constant = K 
[CaE] 
[Ca] [E]n 
[CaE] = molar concentration of the complexed calcium 
[Ca] = molar concentration of the ionic calcium 
[E] = molar concentration of the added complexing agent 
[n] = moles of 2-ethylhexanoic acid complexed with one mole 
of ion calcium 
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Assumptions: 
All of the complexed calcium is extracted into the organic phase. 
= distribution constant = [Ca] °/[Ca]w 
[Ca]Q = molar concentration of the calcium in the organic phase 
[Ca]w = molar concentration of the calcium in the aqueous phase 
Then: 
[CaE] I _ I _ „ 
[Ca] [E] b [E]n 
log K = log qB - n log [E] 
/ ’ * 
or: 
log = log K + n log [E] 
The stability constant was obtained by experimentally determining the distribution 
constant at various 2-ethylhexanoic acid concentrations and then plotting the log 
of the distribution constant of the calcium against the log of the 2-ethylhexanoic 
acid concentration. The experimental data is presented in Table 1. The log of 
the stability constant of the complex as shown in Figure2 is + 1.2. The slope of 
the graph is approximately one which means that [Ca(2-ethyIhexanoic acid)]+ is 
probably the species that is extracted into the isobutanol. Isobutanol was then 
an effective solvent because of its slight degree of polarity. 
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TABLE 1 
DISTRIBUTION OF 10”2M CALCIUM IN SOLVENT EXTRACTION 
AS THE 2-ETHYLHEXANOATE INTO ISOBUTANOL 
Added 
2-ethylhexanoic acid 
concentration 
qB 
E log qB log E 
1 x kHn 0.250 0.0260 -0.602 -1.585 
5 X 10-2N . 0.103 0.0130 -0.987 -1.886 
3 X 10-2N 0.051 0.0085 -1.292 -2.070 
1 X 10”2N 0.015 0.0026 -1.835 -2.584 
7 X 10~3N 0.010 0.0018 -1.983 -2.744 
5 X 10-3N 0.008 0.0013 -2.078 -2.886 
3 X 10'3N 0.006 0.0009 -2.204 -3.051 
1 X 10"3N 0.004 0.0003 -2.389 -3.522 
i 
FIGURE 2 
Log qt> vs log E. 
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According to Martel! and Calvin (43), metal complexes may be considered as 
formed by the displacement of one or more usually weak acidic protons from the 
complexing agent. The complexation of calcium by 2-ethylhexanoic acid should 
result in the release of protons which would then be evident from the titration 
curves of the 2-ethylhexanoic acid containing various calcium concentrations. 
Two of these titration curves are presented in Figure 3 which show the release of 
protons resulting from the complexation reaction. Table 2 presents evidence for 
the 2-ethylhexanoic acid complexation of calcium from the additional 0.1 N 
NaOH needed to titrate the acid to pH 3.5 when various calcium concentrations 
are present compared to the amount of 0.1 N NaOH needed when calcium is 
f 
absent. 
Since the 2-ethylhexanoic acid is to be added to soil extracts of different 
acidities, its ability to complex calcium at different acidities was determined. 
Figure 4 shows that the extraction of calcium is not affected unless the soil 
solution pH drops below 4.8. 
The soils used were obtained in Massachusetts and have the properties listed 
in Table 3 as reported by Shin (76). All of the soils were acidic differing mainly 
in organic matter content and exchangeable calcium. 
The untreated acid soils were equilibrated with water and their extracts 
analyzed to obtain data which may be a factor in calcium complexation in the 
soil solution. Table 4 indicates that the soil extracts varied in organic matter 
content, pH and calcium content, which would be expected to directly affect 
the complexation of calcium by the soluble soil organic matter. The ion 
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TAB LE 2 
EFFECT OF Ca CONCENTRATION ON AMOUNT OF NaOH REQUIRED 
TO TITRATE 120 ml 2-ETHYLHEXANOIC ACID TO pH 3.5 
Calcium Concentration 
(N) ml 0. IN NaOH 
2 1.2 
4 1.9 
6 2.3 
8 2.6 
10 2.7 
20 
FIGURE 4 
EFFECT OF pH ON EXTRACTION OF CALCIUM INTO ISOBUTANOL 
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concentrations and ionic strengths presented in Table 4 would be expected to 
indirectly affect the amount of calcium complexation through their affect on 
the activity coefficient of the ionic calcium. Also, such anions as sulfate and 
phosphate if present in large enough concentrations could compete with the 
organic matter for the calcium present in the soil solution by ion-pair formation. 
The soils were then equilibrated with CaCO^ equal to Woodruff's lime 
requirement and extracted to learn what effect liming might have on calcium 
complexation in the soil. Comparison of the data presented in Table 5 with 
that in Table 4 shows that-the CaCOg treatments increased the soil solution pH 
and the concentration of soluble calcium as was expected. As a result of the 
CaCO^ treatment the concentration of organic matter in solution increased in 
soil numbers 6, 8 and 10 but decreased in soil numbers 11 and 13. The unexpected 
results are that the CaCOg treatment greatly increased the sulfate concentration 
in the soil solution. Sulfate at these concentrations might be expected to be 
important through ion-pair formation with the ionic calcium and indirectly 
through the resulting ionic strength increase which would reduce the calcium 
complexation possibilities. 
Extracts obtained from the Ca(HgPO,4)g treated soils were analyzed in a 
manner similar to the extracts of the untreated and CaCOg soils. Since the 
calcium was added to the soils in amounts equal to the calcium added to the 
soils with the CaCOg treatment, the resulting calcium concentration in the 
extract would be expected to be about the same. Table 6 shows that this was 
found to be true, but the Ca(HgP04)g treatment did not increase the soil 
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solution pH as much as the CaCC>3 treatments. In comparison v/ith the untreated 
soils the Ca(H2PO^)2 also increased the soluble organic matter, sulfate concen¬ 
tration and ionic strength of the soil solutions. The phosphate increase in the soil 
solution from the Ca(H2PO//)2 treatment v/as so small as to be unimportant in the 
calcium complexation considerations. 
The soil solutions were made 0.2 N with respect to KCI in an attempt to 
maintain constant ionic strength and then the degree of calcium complexation 
v/as determined for each of the soil treatments using the ion-exchange and 
solvent extraction methods.* The calcium specific electrode experiments v/ere 
carried out in solution that did not contain the added KCI because KCI v/as 
found to interfere v/ith the reference electrode resulting in incorrect calcium 
activity readings as v/as also reported by Ross (60) and Thompson (80). The 
high concentration of the KCI also made equilibrium v/ith the calcium specific 
electrode very difficult to obtain. The results of these experiments are presented 
in Tables 7, 8 and 9. The results indicate that the increased ionic strength 
resulting from the KCI additions decreased the amount of calcium complexation 
as is expected since this v/ould tend to break up any of the weaker calcium 
complexes or calcium ion-pairs. The surprising information in Tables 8 and 9 
is that except for soil number 8 the CaCO^ and Ca(H2P04)2 treatments increased 
the degree of calcium complexation only 5-10% in these soils. 
The relatively high sulfate concentrations in the extracts from the soils 
receiving the CaCO^ and Ca(H2P04)2 treatments prompted the calculation of 
possible CaSO^ ion-pair formation in the soil extracts. The principle errors in 
this type of calculation result in an overestimation in the amount of CaSO^. 
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This is due to several reasons: 
1) The formation of CaSO^ effectively lov/ers both the ionic calcium and 
the ionic sulfate concentrations in solution. This decreases the ionic 
strength of the solution and the amount of ionic calcium and ionic sulfate 
in solution available for ion-pair formation. The amount of CaSO° is then 
better estimated by a series of approximations which helps to correct for 
this overestimation. 
2) Any complexation of calcium by the soluble organic matter in the soil 
solution lowers the Ionic calcium concentration v/hich would reduce the 
CaSO^ ion-pair formation. 
3) Magnesium is chemically similar to calcium so it is likely that the 
magnesium in solution would tend to form ion-pairs v/ith the sulfate ions 
v/ith approximately equal stability. The MgSO^ ion-pairs would then 
reduce the quantity of ionic sulfate available for ion-pair formation with 
calcium. The estimate of CaSO^ is improved by using the surn of calcium 
and magnesium in the calculation. 
The calculations were mcde as follows: 
[Ca t Mg] 
[so4] 
(Ca + Mg) 
(SO^ 
r 
C a. Mg 
= sum of calcium and magnesium activity 
= sulfate activity 
= sum of calcium and magnesium concentrations 
= sulfate concentration 
= activity coefficient for calcium and magnesium 
assuming they are equal 
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rso4 
[Ca + Mg] 
tso4] 
activity coefficient for sulfate 
Y 
Ca,Mg (Ca + Mg) 
rS04 <S°4) 
Assume: 
r 
Ca, Mg 
rv • f . . _ „ _ [Ca + Mg] [S04] 
Dissociation constant - Kg -_ 
[CaSO^ + MgSO^] 
5.2X10-3 (Ref.58) 
f 
Ca, 
(Ca + Mg) (S04) 
(CaSO° + MgSO^] 
2 
Obtained V from: 
log r+ = 0.511 zl ?jr/l 1 + 0.328 (6)ypl 
|j = ionic strength of solution = l/2^CjZ: 
a = effective size of the hydrated ion = 6 Angstrom units (Ref. 12) 
^3 
(Ca + Mg) Ys (S04) 
= 5.2 X 10"3 
CaSO^ + MgS04l 
5.2X10“3 5.2X 10'3 
Ca,Mg rS04 Ca, Mg 
Assume: 
(Ca + Mg) = (Ca)TotQ| + (Mg)jota[ “ [CaSO^ + MgSO^] 
(S04) = (S04)Tota, - [CaSO^ + MgS04) 
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Then: 
(Ca + Mg) y (S04)r ([Ca + Mg]T-[CaSO^ + MgSO^r (S04)T - [CaSC>3 + Mg$04])y 
[CaS04 + MgS04] [CaSO^ + MgSO^] 
= 5.2 X 10'3 
Let: 
X = [CaSC>4 + MgS04] 
[(Ca + Mg)T - X] [(S04)T - X] 5.2X 10_3 
X 
(Ca + Mg) (S04)T - (Ca + Mg)jX - S04TX + X 2 _ 
(5.2 X 10~3) X 
y 
Ca, Mg 
t-3 o S ? X 10”° 
X “ [ _J_ + (Ca + Mg)j + (SO^y] X + (Ca)y (SO^y = 0 
Ca, Mg 
Use quadratic equation to solve for X: 
X = 
-b±Tb^4 ac 
2a 
The series of approximations is made by substituting the above calculated value 
for X back into the equation: 
_ (Ca + Mg)T -X) (S04 -X)r^Qf Mg 
5.2X 10~3 
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Solve for X at the left of the equal sign. The last calculation was 
repeated until the variation of X was small and this value of X v/as taken for 
the (CaSO^ + MgSO^) concentration in the soil solution. 
(CaSO^) 
If the assumption is used that the ratio of ———-— is equal to the ratio of 
(MgSO°) 
(Ca) 
•-— and it is remembered that the calculated X is equal to [CaSO^ + MgSO^] 
(Mg) 4 4 
then the amount of CaSO^ in the soil solution is obtained in the following manner 
(CaSO^) 
(MgSO°) 
(CaSO^) = (MgSO^) Z and CaSO^ + MgSO^ = X 
(MgSO^) Z = X - (MgSCty 
MgSO^ = and CaSO^ = X - MgSC^ 
1 + Z 
Tables 10, 11 and 12 report the results of these calculations for the extracts of 
the three soil treatments. These calculations show that CaSO^j ion-pair formation 
is probably important in any discussion of calcium complexation in the soil 
solution. 
On the assumption that the ion-exchange and solvent extraction techniques 
would underestimate the amount of calcium compfexed due to the break-up of 
calcium ion-pairs because of high ionic strength from the added KCl, Table 13 
presents the amount of complexation in the soil solution as estimated with the 
calcium specific electrode if possible CaSO^j ion-pair concentrations are 
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subtracted. This correction apparently increased the agreement betv/een the 
three methods. Calculations v/ere also made to determine possible CaSO^ 
ion-pair formation in the soil solutions after the KCl v/as added. As Table 14 
shows, CaSO^ ion-pair formation occurs even under the high ionic strength 
conditions of the 0.2 N KCl. Table 15 then shov/s the comparison of the three 
methods v/hen possible CaSO^ formation is considered. 
Magnesium is chemically related to calcium and its concentration in the soil 
solution isgreat enough to v/arrant investigation of its complexation. The degree 
of magnesium complexation in the soil extracts v/ere determined by the ion-exchange 
and solvent extraction methods and are presented in Tables 16, 18 and 18. These 
vary greatly suggesting that the techniques used require more trials to refine the 
procedures v/hen magnesium is studied. Tables 19, 20 and 21 report the calculated 
percent of the soluble magnesium v/hich is combined v/ith sulfate as ion-pairs as 
obtained from the CaSO^ ion-pair calculations. The degree of MgSO^ ion-pair 
formation as estimated by these calculations agrees very closely to the degree of 
CaSO^ ion-pair formation as is expected from the assumptions applied to the work. 
Gel permeation chromatography v/as used to fractionate the calcium present 
in the soil extracts. Figures 5, 6 and 7 show chromatographs using CaSO^, CaC^ 
and a mixture of CaSO^ and CaC^ for comparison to the chromatographs of the 
soil extracts. The total calcium recovered from the gel v/as approximately 75% 
of that added to the column. Figures 8 through 22, v/hich are of the chromatograms 
of soil extracts, show at least two prominent calcium peaks and many show at least 
one additional small peak. The calcium peaks present in the chromatographs 
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indicate that at least two forms of calcium, CaSO^ ion-pairs and ionic calcium, 
are present in the soil extracts. Table 22 presents the fraction of the soluble 
calcium which is in the form of CaSO^ ion-pairs for each soil extract if the 
amount of calcium in the CaSO^ ion-pair peak is compared to the amount of 
calcium that would be expected to be recovered from the gel if the total amount 
of calcium added to the column v/as in the form of CaC^. The experimental 
data agrees fairly well with the calculated data showing that the assumptions 
used in the calculations were probably valid. 
It was suspected that the gel trapped organic matter from the soil solution 
since the top of the column turned yellow after the application of a soil solution 
sample. Calcium was believed to be associated with this trapped organic matter 
since calcium could be recovered from the top portion of the column by washing 
it with a 0.1 N HCl solution. Table 23 presents the percent of the soluble 
calcium which was determined to be complexed with the soluble soil organic 
matter from this gel chromatography data. 
One method of determining the nature of the calcium fractions from the gel 
permeation column is to compare the calcium peaks of the unknown soil solutions 
to those of known calcium compounds such as CaSO^ and CaC^ solutions. 
Another method of determining the nature of the calcium fractions is to directly 
analyze the fractions for different materials. This is difficult because of the 
small quantity of each solution, but the fractions were spectrophotometrically 
analyzed for sulfate and chloride. As Figures 23, 24, 25 and 26 shows, sulfate 
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is associated v/ith the first calcium peak probably as CaSO^ ion-pairs. Chloride 
is eluted from the column v/ith the last calcium peak, but chloride is not usually 
considered to form ion-pairs v/ith calcium. 
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TABLE 7 
% CALCIUM COMPLEXED IN SOIL EXTRACT FROM UNTREATED SOILS 
Soil 
No. Ion Exchange Solvent Extraction 
Ion Specific 
Electrode 
6 17.6 12.0 46.8 
8 22.2 35.4 41.1 
10 34.7 19.3 45.5 
11 41.3 • 33.0 59. 1 
13 38. 1 32.1 35.3 
TAB LE 8 
% CALCIUM COMPLEXED INSOIL EXTRACT FROM SOILS TREATEDWITH CaC03 
Soil 
No. Ion Exchange Solvent Extraction 
Ion Specifi 
Electrode 
6 12.2 18.9 47.9 
8 27.9 17.8 58.9 
10 24.3 14.0 50.0 
11 58.7 26.0 67.5 
13 9.5 17.3 43.7 
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TABLE 9 
% CALCIUM COMPLEXED IN EXTRACT FROM SOILS 
TREATED WITH Ca(H2P04)2 
Soli 
No. Ion Exchange Solvent Extraction 
Ion Specific 
Electrode 
6 23.0 25.1 51.4 
8 24.6 20.5 58.9 
10 13.9 16.9 50.0 
11 20 .-2 25.1 64.4 
13 40.6 37.0 44.5 
TABLE 10 
CALCULATED CALCIUM SULFATE ION-PAIR FORMATION IN EXTRACTS 
FROM UNTREATED SOILS 
Soil 
No. 
Ionic 
Strength 
Activity Coefficient 
for Calcium 
Calcium 
(Molar) 
CaSO^J 
(Molar) % CaSO 
6 3.4X 10'2 0.530 6.9X 10-3 I.4X 10‘3 20.4 
8 2.4X 10-2 0.570 4. IX I0'3 1.1X 10-4 2.7 
10 3.0X10'2 0.547 8.OX 10“3 9.5X 10"4 1.2 
11 9.8X KT2 0.405 1.6 X 10~2 2.7X 10-3 16.8 
13 1.2X 10"2 0.655 1.8X 10‘3 3.5X 10"4 19.5 
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TABLE 11 
CALCULATED CALCIUM SULFATE ION-PAIR FORMATION IN EXTRACTS 
FROM SOILS TREATED WITH CaCOs 
Soi l 
No. 
Ionic 
Strength 
Activity Coefficient 
for Calcium 
Calcium 
(Molar) 
CaSO% 
(Molar) % CaSO% 
6 3.7X KT2 0.520 8.5X 1CT3 2.OX tO'3 23.6 
8 7.4 X KT2 0.440 1.8X 10"2 7.4X 10"3 41.1 
10 4.5X 1CT2 0.486 1.3X 10~2 8.2X I0"4 6.3 
11 1.6 x icH 0.349 4.4X 10-2 9.3 X 10~3 21.1 
13 2.5X IQ"2 0.564 6.8X 10~3 1.5X 10-3 22.4 
TABLE 12 
CALCULATED CALCIUM SULFATE ION-PAIR FORMATION IN EXTRACTS 
FROM SOILS TREATED WITH Ca(H2P04)2 
Soil 
No. 
Ionic 
Strength 
Activity Coefficient 
for Calcium 
Calcium 
(Molar) 
CaS04 
(Molar) % CaSO^ 
6 5.0X 10"2 0.485 9.3X 10"3 3.4X I0'3 36.6 
8 8.4X10"2 0.430 2. IX 10"2 9.OX 10"3 42.7 
10 5.5X 10"2 0.475 1.4X 10"2 1.4X 10-3 9.8 
11 1.5X 10"1 0.361 3.5X 10-2 9. OX 10"3 25.7 
13 2.8X IQ"2 0.552 5.OX 10"3 1.7X 10"3 33.4 
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TABLE 13 
% OF CALCIUM COMPLEXED AS DETERMINED BY THE THREE METHODS IF 
ONLY THE RESULTS OBTAINED USING THE CALCIUM SPECIFIC ELECTRODE 
ARE CORRECTED FOR CaSO^ ION-PAIR FORMATION 
UNTREATED 
Soil 
No. Ion Exchange Solvent Extraction 
Calcium Specific 
Electrode 
6 17.6 12.0 20.4 
8 22.2 ' 35.4 38.4 
10 34.7 • 19.3 44.3 
11 41.3 33.0 42.3 
13 38.1 32.2 15.8 
CaC03 
6 12.2 18.9 24.3 
8 27.9 17.8 17.0 
10 24.3 14.0 43.7 
11 58.7 26.0 46.4 
13 9.5 17.3 21.3 
Ca(H2P04)2 
6 23.0 25. 1 14.8 
8 24.6 20.5 16.2 
10 13.9 10.9 40.2 
11 20.2 25.1 38.7 
13 40.6 37.0 11.1 
TABLE 14 
CALCULATED % CaSO^j ION-PAIRS IN THE SOIL EXTRACTS 
UNTREATED 
Soil 
No. NO KCI KCI 
6 20.4 11.1 
8 2.7 0.9 
10 1.2 0.5 
11 16.8 12.5 
13 19.5 6.3 
CaCO^ 
6 23.6 14.1 
8 41.1 24.3 
10 6.3 5.9 
11 21.1 15.9 
13 22.4 8.8 
Ca(H2P04)2 
6 36.6 21.5 
8 42.7 27.6 
10 9.8 5.4 
11 25.7 23.4 
13 33.4 14.0 
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TABLE 15 
% CALCIUM COMPLEXED AS DETERMINED BY THE THREE METHODS IF 
EACH METHOD IS CORRECTED FOR CaSO% ION-PAIR FORMATION 
UNTREATED 
Soil 
No. Ion Exchange Solvent Extraction 
Calcium Specific 
Electrode 
6 6.5 0.9 26.4 
8 21.3 34.5 38.4 
10 34.2 18.8 44.3 
11 38.8 20.5 42.3 
13 31.8 25.9 15.8 
CaCOg 
6 -1.8 4.8 24.3 
8 3.6 -6.5 17.8 
10 18.4 8.1 43.7 
11 42.8 10.1 46.4 
13 0.7 8.5 21.3 
Ca(H2P04)2 
6 1.5 3.6 14.8 
8 -3.0 -7.1 16.2 
10 8.5 1.5 40.2 
11 -3.2 1.7 38.7 
13 36.6 23.0 11.1 
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TABLE 16 
% MAGNESIUM COMPLEXED IN EXTRACTS FROM UNTREATED SOILS 
Soil 
No. Ion Exchange Solvent Extraction 
6 54.5 3.8 
8 56.4 60.0 
10 55.8 1.5 
11 76.5 15.5 
13 11.8 10.0 
TABLE 17 
% MAGNESIUM COMPLEXED IN EXTRACT FROM SOILS 
TREATED WITH CaCOs 
Soil 
No. Ion Exchange Solvent Extraction 
6 54. 1 19.9 
8 73.7 36.0 
10 40. 1 22.0 
11 24.0 17.3 
13 40. 1 21.2 
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TABLE 18 
% MAGNESIUM COMPLEXED IN EXTRACTS FROM SOILS 
TREATED WITH Ca(H2P04)2 
Soil 
No. Ion Exchange Solvent Extraction 
6 56.4 12.8 
8 13.8 47.8 
10 68.4 14.4 
11 84.5 20.9 
13 52.6 2.6 
TABLE 19 
CALCULATED MAGNESIUM SULFATE ION-PAIR FORMATION IN EXTRACTS 
FROM UNTREATED SOILS 
Soil 
No. 
Ionic Activity Coefficient 
Strength for Magnesium 
Magnesium 
(Molar) 
MgSC>4 
(Molar) %MgS04 
6 3.4 X 1CT2 0.530 2.9X 10'3 5.9X lO"4 20.4 
8 2.4X lO-2 0.570 1.0X 10-3 2.7X lO-5 2.7 
10 3.OX lO”2 0.547 7.2X 10-4 9.4 X 10-6 1.3 
11 9.8X lO"2 0.405 1. IX lO’2 2.2X 10-3 20.0 
13 1.2X lO'2 0.655 1.4X 10-3 2.7X lO-4 19.3 
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TABLE 20 
CALCULATED MAGNESIUM SULFATE ION-PAIR FORMATION IN EXTRACTS 
FROM SOILS TREATED WITH CaC03 
Soil 
No. 
Ionic 
Strength 
Activity Coefficient 
for Magnesium 
Magnesium 
(Mo lar) 
MgS04 
(Molar) %MgS04 
6 3.7X l<r2 0.520 2.8X KT3 6.4X 10“4 22.9 
8 7.4 X icr2 0.440 4.9X KT4 2. IX 10“4 42.8 
10 4.5X 10~2 0.486 5.OX )0-4 4.8X 10~5 9.6 
11 1.6 X 10-' 0.349 1.3X 10"2 2.7X 10"3 20.7 
13 2.5X 1CT2 0.564 1.7X 10“3 3.8X 10'4 22.3 
TABLE 21 
CALCULATED MAGNESIUM SULFATE ION-PAIR FORMATION IN EXTRACTS 
FROM SOILS TREATED WITH Ca(H2P04)2 
Soi I 
No. 
6 
8 
10 
11 
Ionic 
Strength 
Activity Coefficient 
for Magnesium 
Magnesium 
(Molar) 
MgS04 
(Molar) %MgS04 
5.0X I0-2 0.485 2.5X KT3 9.2X 10“4 36.8 
8.4X lO-2 0.430 7. OX 10~4 3.OX 10~4 42.9 
5.5X lO'2 0.475 8.OX 10~4 7.8X lO-5 9.8 
1.5X lO'' 0.361 1.2X lO-2 3. IX 10‘3 25.8 
2.8X lO-2 0.552 1.4X 10‘3 4.7X 10‘4 33.6 13 
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TABLE 22 
PERCENT CaSO^ ION-PAIRS FROM GEL PERMEATION DATA 
Soi 1 
No. Untreated 
CaC03 
Treatment 
Ca(H2P04)2 
Treatment 
6 8.5 9.1 49.0 
8 5.3 49.0 58.2 
10 20.5 8.8 9.5 
11 22.0 11.9 2.2 
13 22.7 24.0 
TABLE 23 
PERCENT CALCIUM-ORGANIC MATTER COMPLEXES 
FROM GEL PERMEATION DATA 
6 20.0 15.0 15.0 
8 33.3 33.0 32.0 
10 23.0 30.7 40.3 
11 6.7 6.7 15.0 
13 22.1 31.0 25.4 
TAB LE 24 
RATIO OF Jggj. 
[so4] 
6 1.3 1.0 0.6 
8 6.5 0.9 5.7 
10 29.7 3. 1 3.9 
11 0.9 2. 1 1.1 
13 0.7 0.9 0.5 
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DISCUSSION 
The degree of complexing of calcium in the displaced soil solutions were 
measured using two techniques which compared the reactivity of the calcium 
in the soil solution. A third method was employed using the calcium specific 
electrode to directly measure the calcium activity in the soil solution. 
The calcium specific electrode technique is probably the best estimation 
of the amount of calcium complexed in the soil solution since it does not 
require the constant ionic strength of the 0.2 N KCI. The specificity of the 
electrode for calcium is great enough to prevent the other ions present in 
the solution from interfering. However, other factors indirectly affect the 
reliability of the calcium specific electrode technique. The pH affects the 
electrode if the pH becomes greater than 11, due to the formation of Ca(OH)2/ 
or smaller than 5.5 because in acid regions the electrode responds to hydrogen 
ion and no longer measures calcium ion. Thus the estimation of the degree of 
calcium complexation in the displaced soil solutions of soil numbers 8 and 10 
might be expected to be in error although it is difficult to substantiate this 
from the experimental results. Indirect problems in using the calcium specific 
electrode result from the ionic strength effects on the single junction reference 
electrode used. Several investigators (19, 37, 60) have attempted to circumvent 
this problem by preparing standard calcium solutions which contain the ionic 
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characteristics of the solutions to be tested. Since soil solutions are not easy 
to duplicate, the soil solutions were chemically analyzed and these results used 
to obtain the ionic strength of each soil solution. The ionic strength of each soil 
solution was then used to calculate the degree of calcium complexation. As would 
be expected, the calcium specific electrode indicates greater calcium complexation 
than the ion-exchange or solvent extraction methods. This is probably because 
the 0.2 N KCI increases the ionic strength which results in decreased calcium 
activity that causes the break-up of any weak calcium interactions such as 
ion-pair formation. This is. further substantiated by the CaSO^ ion-pair 
calculations which show that the three methods used to estimate the degree 
of calcium complexation in the soil solution are fairly close if the amount of 
ion-pair CaSO^j is subtracted from the total complexed calcium as determined 
by the calcium specific electrode as shown in Table 13. 
The ion-exchange method and solvent extraction method both depend on 
the reactivity of the calcium in the solution towards an added agent. In ion- 
exchange, the ionic calcium competes with other cations in the soil solution for 
the cation exchange sites whereas the complexed calcium remains in solution. 
Errors in the ion-exchange technique could result from differences in individual 
ion concentrations in the soil solutions as compared to the ion concentrations in 
the standard calcium solutions. The individual ion concentrations are important 
since a trivalent cation such as Al ^ would be held to the resin with greater 
tenacity than a divalent cation such as calcium, but the added 0.2N KCI to 
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maintain a high, essentially constant ionic strength should hold the possible 
error to a minimum. Possibly a greater error is due to the temperature rise of 
the solutions resulting from the shaking process which cannot be controlled. 
The ion-exchange method is fairly straightforward and should give an accurate 
estimation of the amount of calcium complexed in the soil solution in spite of 
the possible errors mentioned above. The greatest handicap in the ion-exchange 
method is that the high ionic strength of the solutions due to the added KCI 
would tend to break up the weaker calcium complexes. 
The solvent extraction method is also fairly straightforward since it depends 
on the calcium complex of an added ligand being extractable in a water 
immiscible organic phase. The solvent extraction method has the principal 
advantage over the ion-exchange method of not measuring any positively- 
charged complexes with calcium cation. The greatest disadvantage of the 
solvent extraction method results from the properties of the added ligand. 
Since 2-ethylhexanoic acid is a weak acid, at pH's less than 4.8, the 
concentration of the dissociated form decreases. This means a smaller amount 
of 2-ethylhexanoic acid is available to complex the ionic calcium in the 
solution. This factor is difficult to duplicate in the calcium standard solutions 
since at low pH's a very small increase in acidity would greatly decrease the 
concentration of dissociated 2-ethylhexanoic acid. In fact, the high value 
for the complexation of calcium in the soil number 8 extract shov/n in Table 7 
is probably due to the very low pH of this extract. The stability constant of 
the calcium 2-ethylhexanoic acid complex is also small v/hich wouldallowother 
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cations such as iron and aluminum, that may form stronger complexes, to interfere 
in the solvent extraction procedure. The high ionic strengthof the 0.2 N KCl would 
help to minimize this possible error and the pH of the solutions from all the soi Is but 
no.8was high enough that the concentration of Al+^ and Fe+^ would be very small 
Figures 7, 8 and 9 compare the three methods of estimating complexed calcium 
If two methods are measuring the same material in the soil solution, the resulting 
curve should be a straight line extending from the origin at an angle of 45° . 
Figure 28 shows that a plot of ion-exchange versus solvent extraction comes 
closest to this criteria although even here the correlation is low. Both of these 
methods should measure the stronger calcium complexes since the 0.2 N KCl 
required in these methods should break up the weak calcium interactions. It 
could be that the solvent extraction procedure is more drastic since the soil 
solution is subjected to more factors from the added 2-ethyIhexanoic acid and 
isobutanol which is partially soluble in water. The plots of ion-exchange or 
solvent extraction versus the calcium specific electrode are to the right of the 
45° line showing, as explained earlier, that the calcium specific electrode 
measures more complexed calcium than the other two methods. Figures 31 and 
32 are identical to Figures 29 and 30 except that the calcium specific electrode 
has been corrected for possible CaSO^ ion-pair formation. This demonstrates 
again that the CaSO^ correction improves the agreement of the three methods. 
The correlation is still small suggesting that not only CaSO^ ion-pairs but also 
weaker calcium-organic matter complexes dissociated when the ionic strength 
of the solution was increased by adding KCl. 
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The solution chemistry of the Ca^-SO^ ^-HCOg-C03Z system is important 
in considering the calcium reactions in the soil solution. That complexes and 
ion-pairs such as CaHCO^, CaCO^ and CaSO^ can exist in solution under certain 
r2_, -2 
conditions which resemble that of the soil solution has been demonstrated experi¬ 
mentally (53, 54). Figure 33 is a distribution diagram of the h^CO^-HCOg -CO3 
concentrations versus pH of an aqueous system saturated with CO2 • Nine of the 
fifteen soil extracts had a pH of 6.8 or greater while only three had pH's below 
5.5. The CaCO^ ion-pair has a much greater stability constant than CaHCO^ 
-2 
has but the pH's in all the solutions are low enough that CO3 z concentrations 
should be practically zero. Most of the soil solutions were alkaline enough that 
the dissolved CC>2 should be in the form of HCO3 so that CaHCOg ion-pair 
formation might be a factor. An estimate of the amount of dissolved CC>2 would 
be needed to determine the importance of CaHCO^ ion-pairs on the form of 
calcium in the soil solution. Tables 10, 11 and 12 show the calculated concen¬ 
tration of CaSO^ ion-pairs which would be expected in each soil solution. As 
these tables indicate CaSO^ ion-pair formation is great enough that it should 
be considered when working with the calcium reactivity in an acid soil. 
The additions of CaCO^ or Ca(H2PC>4)2 to these acid soils not only increased 
the soil solution pH, but also greatly increased the concentration of sulfate in 
solution. The increased sulfate would, as the calculations show, increase the 
chance of CaSO^ ion-pair formation. This increase seems to be of greater 
consequence than the increase in calcium organic matter complexation which 
would be expected from the increase in soil solution pH and calcium concentration 
-2 
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The factors to consider in the CaSO^ ion-pair formation are that (a) since both 
of these ions are divalent, the electrostatic force between them may become so 
large as to produce rather extensive ion-pair formation; (b) because both of these 
ions are divalent, even a rather dilute solution of CaSO^ has an appreciable 
ionic strength which would lower the activity of the calcium in the soil solution. 
The calculated activity coefficient for calcium in the soil solutions are indicative 
of the great effect of the high ionic strength in lowering the reactivity of calcium 
Many investigators (2, 6, 25, 26) have suggested that the amount of organic 
matter in the soil solution is related to the absorbance at a certain wavelength. 
The results of this work were used to check these assumptions on the three soil 
treatments and are shown in Figure 34 which is a graph of absorbance versus 
organic matter concentration. The graphs show that for each treatment the 
absorbance is fairly well correlated to the organic matter. This is to be expected 
as the soluble soil organic matter has many chromophores which are capable of 
absorbing light. The reasons why there are no perfect correlations are because 
the organic matter in the soil solution is a heterogenous mixture and not all 
fractions react alike to the incident light. Also, the way that the organic 
matter reacts to light depends upon its position in the soil solution lattice, the 
cations that might be associated with the organic matter and the pH of the soil 
solution since this would affect the physical size of the soluble organic matter. 
The fraction of the calcium complexed with soluble organic matter in the 
soil extracts should depend on such soil factors as the amount of organic matter 
present in the soil solution, the pH of the soil solution, the concentration of 
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other cations present which could form complexes with the organic matter, and 
the concentration of any inorganic anions present which could decrease the 
available calcium. The relationship of the calcium complexed in the soil solution 
to the organic matter in solution as determined by the ion-exchange, solvent 
extraction and calcium specific electrode methods was evaluated using the 
following relationships: 
[CC1SO4] + [Ca Xn] 
[Calf 
[CaSO°] = 
[CaXj = 
Ca 
T 
E 
molar concentration of CaSO^ ion-pairs 
molar concentration of calcium complexed by the soluble 
soil organic matter (as determined experimentally) 
total molar concentration of calcium 
fraction of total calcium complexed (as determined 
experimental ly) 
Solving the above equation for CaXn: 
Ca Xn = E Cay - CaSO^j 
The next relationship used was: 
Ca + nX = Ca Xn 
(Ca Xn) 
K 
(Ca) (X) n 
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Where: 
Ca 
X 
n 
CaXn 
K 
molar activity of ionic calcium 
molar concentration of organic matter 
number of moles of organic matter complexed to 
one mole of calcium 
molar concentration of the organic matter-calcium complex 
stability constant of the organic matter-calcium complex 
The equation for the stability constant can be rearranged: 
log C0X" 
Ca 
- log K + n log X 
And with substitution: 
, ECar-CaSOS 
lo3 _4 = log K + n log X 
[CaT-ECa]Tr 
Figure 35 shows the results of these calculations by plotting the log of 
ECaT-CaSC>4 
- versus the log of the organic matter concentration. 
[Ca-j- - E Ca]j7 
Figures 36 and 37 show the results of similar calculations for the ion-exchange 
and solvent extraction procedures except that in these calculations the CaSO^ 
term v/as left out since the reported degree of complexation has already been 
corrected for CaSO^ ion-pair formation. It was hoped that these graphs would 
result in straight line curves showing a correlation of the soluble soil organic 
matter with the fraction of the calcium complexed. This was not the case, showing 
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again the complexity of the soil system and that the form of the calcium in the soil 
solution is dependent upon the interactions of many soil factors. This might be 
better explained if a few of the soil factors were examined in an acid soil when its 
pH is raised with the addition of CaCC^, as is the case in soil number 8. Also the 
concentration of organic substances complexing Ca may not be related to the total 
organic matter in solution. First the concentration of soluble calcium is increased 
and the soil pH is raised. This increase in pH might increase both the quantity of 
organic matter in the soil solution because of increased microbial action and also 
the equivalent weight of the soluble organic matter because of ionization of acidic 
groups. The result of these changes would be expected to show an increase in the 
amount of calcium complexed in the system and in absolute amounts, as shown by 
this work, this is true. Due to the fact that both calcium and the organic matter 
are increased, the fraction complexed stays relatively unchanged. The other 
obvious factor is the increase in sulfate concentration which combines with the 
increased calcium to maintain a stable system as far as calcium is concerned. 
Other factors which are not so obvious but apparently play a role is the increase 
in other cations such as magnesium which would affect the soil system. 
As Tables 16, 17 and 18 show a considerable amount of the magnesium can 
also be in a complexed state in the soil solution. The degree of calcium 
complexation in the displaced soil solutions was determined by two methods since 
a magnesium specific electrode was not available for this work. As with the 
calcium complexation determination, the ion-exchange and solvent extraction 
methods contained 0.2 N KCl to maintain a constant ionic strength. The results 
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show approximately the same degree of magnesium complexation as calcium 
complexation although the variability Is somewhat greater. This variability is 
probably due to experimental error as the procedures were not used enough times 
with magnesium to obtain representative results. Also the stability constant of 
the magnesium complexes might be small enough so that any slight change in the 
measuring conditions would greatly affect the fraction of the soluble magnesium 
which is complexed. It is expected that the actual amount of the magnesium 
complexed is greater than shown here, as the high ionic strength resulting from 
the KCI addition would tend to break up the weaker magnesium complexes. 
The gel permeation chromatographs were run in an attempt to fractionate the 
possible calcium complexes in the soil solution. Figures 8 through 23 show that 
the calcium in the displaced soil solutions is in at least two different forms and 
usually three different forms. As Figures 23 and 24 show, the CaSO^ fraction 
is eluted before the CaC^ fraction. This would be expected if the CaCl2 
fraction was made up of ionic calcium and ionic chloride since the smaller ions 
would then take longer to elute from the column. CaSO^ ion-pairs would be 
expected to be eluted from the column faster because its larger size would 
prevent the great amount of interaction with the gel which ionic calcium would 
have. The calcium-organic matter complexes would be expected to be eluted 
out before the CaSO^ ion-pairs because of their larger size. The results do not 
show this since it was found that the gel trapped organic matter at the top of the 
column as was noted by the yellowing of the column after a soil solution sample 
had been eluted through the column. Also, calcium could be recovered from 
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the column after the elution of a soi I sample by washing the column with 0.1 N HCl. 
_> 
The entrapment of the organic matter is not easily explained since this polyacryla¬ 
mide gel should be inert to the soil solution. It may be that the calcium-organic 
matter complexes are physically trapped by the gel. This interaction of the gel 
with the soluble soil organic matter reduced the calcium recovery to approximately 
75% of the CaC^ solutions. 
The gel permeation chromatograms show, as do the other data, that the type 
of soil was more important in determining the characteristics of the extract than 
were the soil treatments. -Soil numbers 6 and 8 show the two most prominent 
peaks in each treatment, whereas soil numbers 10 and 11 have one prominent 
peak and the CaCOg and Ca^gPO^g treatments of soil number 13 show three 
peaks, although there was only one peak in the chromatogram of the extract 
from the untreated sample. The soluble soil system is complex so it is difficult 
to explain exactly the reasons for the differences in the gel permeation 
chromatograms. Factors that would be expected to affect the calcium fraction¬ 
ation would be: (a) the amount of sulfate available for CaSO^ ion-pair formation; 
(b) the amount of calcium available; (c)the ratio of calcium with sulfate for the 
extracts as this should affect the relative size of the two peaks; (d) the amount of 
organic matter present since this could combine with the calcium and (e) the 
presence of any cations which were capable of combining with the sulfate such 
as magnesium since they would decrease the amount of available sulfate. Table 24 
presents the ratio of soluble calcium to soluble sulfate. A study of this table 
along with the tables showing the composition of each soil extract demonstrates 
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that the form of calcium in the soil is not dependent upon Just one soil variable 
but depends upon the entire soil system and the many interactions between the 
components of the soil solution. 
Table 25 shows a comparison of the forms of calcium found in the soil solutions 
from the five different soils v/ith the three treatments. The total calcium reported 
is that determined by the atomic absorption spectrophotometer. The percent ionic 
calcium was determined using the calcium specific electrode. The CaSO^ was 
the fraction of the total calcium which could possibly be CaSO^ ion-pairs as 
calculated using the ionic composition of each solution. The percent of Ca- 
organic matter complexation was determined from the gel permeation data. The 
gel permeation data is, of course, a rough estimate of the calcium-organic matter 
complexation since it assumes that the calcium not recovered from the gel column 
was associated with the trapped organic matter. 
As Table 25 indicates, the soil treatment did not greatly effect the fraction 
of the total calcium complexed. Since the treatments did effect the chemical 
composition of each soil solution it is of interest to examine the form of the 
calcium complex. The untreated soils show a somewhat larger amount of 
calcium complexation than do the CaCC^ and Ca(H2PO,4)2 treatments. If 
it is assumed that the total complexed calcium consists of CaSO^ ion-pairs 
and possibly Ca-organic matter complexes, then the form responsible for 
maintaining the relative stability in the degree of calcium complexation is 
the CaSO^j ion-pairs. This can be demonstrated with soil number 6 in which 
the CaCC^ and Ca(H2P04)2 soil treatments resulted in increased CaSO^ 
102 
TABLE 25 
CHEMICAL FORMS OF CALCIUM IN DISPLACED SOIL SOLUTIONS 
UNTREATED 
Soil 
No. 
Total Ca 
(Molar) 
% 
Ionic Ca 
(Electrode) 
% 
CaSO% 
(Calcu lated) 
Matter Complexes (?) 
(Gel Permeation) 
Total 
6 6.9X 10"3 53.2 20.4 20.0 94 
8 4.1X 10~3 58.9 2.7 33.3 - 95 
10 8.OX 10'3 54.5 1.2 23.0 79 
11 1.6X 10"2 40.9 16.8 6.7 65 
13 1.8X I0"3 64:7 19.5 22.1 107 
CciCOg 
6 8.5X 10"3 52. 1 23.6 15.0 91 
8 1.8X lO-2 41.1 41.1 33.0 115 
10 1.3X lO"2 50.0 6.3 30.7 87 
11 4.4X lO’2 32.5 21.1 6.7 61 
13 6.8X 10"3 56.3 22.2 31.0 109 
Ca(H2P04)2 
6 9.3 X10~3 48.6 36.6 15.0 101 
8 2. IX 10"2 41.1 42.7 32.0 126 
10 1.4 X lO"2 50.0 9.8 40.3 100 
11 3.5X lO"2 35.6 25.7 15.0 77 
13 5.0X10"3 55.5 33.4 25.4 114 
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ion-pair formation and decreased calcium-organic matter complexation. The 
importance of the CaSO^ ion-pair formation v/ould be expected from the increase 
in sulfate concentration in the solutions from the CaCO^ and Cath^PO^ treated 
soils. This table also indicates that regardless of the soil treatment, the materials 
are available in the soil solution to complex a relatively constant fraction of the 
ionic calcium even though the relative concentrations of each calcium form may 
vary. 
Although great differences in the degree of calcium complexation in each 
soil used were not detected, small variations did occur. For example, soil number 
13 showed a greater fraction of its total calcium to be ionic than did soil number 11 
with each soil treatment. This is probably due to several reasons; soil number 13 
had less soluble organic matter, less sulfate and a smaller ionic strength in each 
soil treatment than soil number 11 had. All of this would be expected to reduce 
the degree of calcium complexation and this is true even though the total calcium 
concentration was also less in soil number 13. Since the variations in the degree 
of calcium complexation between soils was slight, the important point is that 
complexation is of importance in considering the calcium chemistry in all acid 
soi Is. 
Treatments of chemical equilibria and plant nutrition in soils traditionally 
have had the tacit assumption that cations occur in the soil solution as relatively 
unassociated cations. The results of this work show that a large percent of the 
total calcium in the soil solution is in a combined state either as an organic matter 
complex or a calcium sulfate ion-pair. In higher pH soils, the phosphate 
» 
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concentration would become great enough so that calcium phosphate ion-pair 
4 
formation would be a factor in the calcium activity. In short, the assumption 
that calcium occurs in the soil solution as unassociated ions is unrealistic. 
The high degree of calcium complexation in displaced acid soil solutions is 
an important factor when considering the fate of calcium in the soil since complexed 
calcium would be less apt to take part in reactions with other soil constituents. For 
example, the solubility criteria are often applied in the study of phosphate reaction 
products in soils (42, 48). In order to apply solubility data to the calcium phosphates 
in the soil solution, the assumption is usually made that either the analytical con¬ 
centration of the calcium is equal to the calcium activity or that the calcium 
activity can be estimated by ionic strength considerations. This would not be the 
case if complexation of the solution calcium is of the degree as reported in this 
dissertation because the complexation of the calcium would lower its activity 
more than the above considerations would estimate. This would mean that a 
supersaturation of the calcium would probably exist. Calcium would then remain 
in the soil solution longer, increasing its availability to the plant root, but also 
increasing the likelihood of its leaching out of the soil root zone. It also may be 
possible that the form of the calcium in the soil solution could be a factor in 
calcium nutrition since the selectivity of the root for such calcium forms as a 
calcium-organic matter complex, CaSO^ ion-pair, CaHCO^ ion-pair or Ca 
may be different. 
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SUMMARY 
Studies were conducted to investigate methods of estimating the extent of 
calcium complexation by soluble soil organic matter in acid soils. The 
characteristics of the calcium complexes were also sought. The following results 
were obtained: 
1) Three methods were found applicable to the study of caicium complexes: 
ion-exchange, solvent extraction and the calcium specific electrode. 
2) The calcium specific electrode is the best estimate of the complexed 
calcium because of the lack of interference and necessity of the high ionic 
strength of 0.2 N KCl. 
3) The degree of calcium complexation in the soil solution is not directly 
related to any one soil factor but is dependent upon the interactions of all 
the soil factors. 
4) The type of soil has a much greater influence on the degree of calcium 
complexation than the CaCOg and Ca(H2PO,4)2 treatments. 
5) The degree of calcium complexation in the soil solution is great enough 
to be an important factor when considering the fate of the calcium in the soil 
solution. 
6) The degree of calcium complexation in the soil solution was not affected 
by CaCOg and Ca(h2P04)2 treatments although the calcium concentration and 
pH were both increased. 
7) The calcium in the soil solutions was fractionated into at least two fractio 
and it is postulated that an organic fraction was separated by entrapment in the 
gel column. 
8) Complexed calcium in soil solution consists both of soil-organic matter 
complexed and inorganic ion-pairs. 
9) Magnesium was also found to be complexed in the soil solutions. 
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